Rosalind Franklin (1920 Franklin ( -1958 famously recorded the X-ray diffraction pattern of DNA that Watson and Crick used without her knowledge to develop their double helix model. As these historic events unfolded, Franklin moved between London universities, from King's College to Birkbeck College, where she spent the remaining years, until her untimely death from cancer, investigating the structure of viruses including tobacco mosaic virus (TMV), a classic tubular virus that also became a model system of molecular selfassembly.
Working at 21-22 Torrington Square in a pair of dilapidated Georgian townhouses where the physicist J.D. Bernal (1901 Bernal ( -1971 had set up the crystallography laboratories, Franklin and her co-workers Aaron Klug and Ken Holmes worked out how the protein subunits line up around the RNA helix forming the characteristic rod shape of TMV. They built a large model of the virus that was displayed at the World Fair of 1958 at Brussels, but Franklin did not live to witness the event.
The two buildings have since been demolished and made way for Birkbeck's new 'Clore Management Centre', where Ken Holmes recently held a lecture on Franklin's work on TMV in the context of the biannual symposium of the Institute for Structural Molecular Biology (ISMB), a joint institution of Birkbeck and University College London.
Contrasting talks about the history of structural biology with the latest insights from cryo-electron microscopy (cryo-EM) and other physical methods, the symposium highlighted the dramatic change that the fi eld has seen from the 20 th to the 21 st century. In the early days of Rosalind Franklin and other pioneers like Max Perutz and Dorothy Hodgkin, reductionism was the order of the day. Life was divided into simple units that were just about manageable with the analytical techniques available, and sometimes it took decades to get the result, as was the case with Perutz and the structure of haemoglobin.
Today, biologists have the tools to address living systems with all their complexity, and collect vast amounts of data at dazzling speed. Several speakers at the ISMB symposium talked about the use of cryo-EM, which has recently benefi ted from a 'resolution revolution' enabling the analysis at near-atomic resolution, to observe incredibly complex functional systems such as transcription apparatus or the working ribosome, including Eva Nogales from the University of California at Berkeley, USA, who gave the annual Rosalind Franklin lecture.
Not only can biology handle the complexity of life's functional structures, it is also beginning to understand how to recreate it. This ability was featured in talks about protein modules and about cellular patterns.
Protein 'LEGO'
Birte Höcker from the University of Bayreuth, Germany, started her work by studying similarities in protein structures cutting across the major folding patterns simply known as 'folds' in the fi eld, and went on to use the insights to build novel proteins from the bottom up. While the combinatorial possibilities of arranging polypeptide chains are astronomical, the more than 100,000 protein structures now in the Protein Databank converge on a surprisingly small number of distinct folds, leading to the estimate that there are only around 1,000 of these in nature.
In early work published in 2002, Höcker had found structural similarities between the separate folds known as fl avodoxin-like and TIM-barrel folds, but the standard methods of sequence analysis, such as BLAST, did not pick up any sequence similarities to back up that hunch. Recently developed algorithms, however, enabled her group to prove the evolutionary relationship between these seemingly different folds (Nat. Chem. Biol. (2014) 10, 710-715) .
Feature

Building blocks for bottom-up biology
Science has made great progress in understanding the machinery of life, but the ultimate test of our understanding is whether we are able to build something that functions the same way. Researchers have identifi ed building blocks and modular principles in protein evolution and in self-organising patterns, enabling them to create new functional units. Michael Gross reports.
Building life: After successfully studying the building blocks of life for close to a century, biologists are now ready to put them together to produce new kinds of systems. (Photo: Barney Moss/ Flickr.) R762 Current Biology 28, R761-R783, July 23, 2018
Once the sequence similarities between these interchangeable building blocks were discovered, Höcker and colleagues used these to investigate what the common ancestor of those separate folds may have been like. Based on the TIMbarrel and fl avodoxin-like domains from T. maritima, they searched for sequences that show similarity to both protein folds and thus cannot be unambiguously assigned to one over the other. They detected a family of sequences that show intermediate features between both folds and determined the crystal structure of one of its members, giving new insights into the evolutionary link of two of the earliest protein folds. Seeing that intermediate forms between the established folds exist and point towards shared evolutionary ancestors, the authors conclude in the 2014 paper cited above that this also means that "we will have to rethink the way protein classifi cations are constructed to refl ect the emergent view of a highly related protein fold space".
Zooming in further, the researchers identifi ed short peptide sequences that may represent common ancestors of all three folds investigated. These fi ndings fi t in with discoveries made by Vikram Alva and Andrei Lupas at the Max Planck Institute for Developmental Biology at Tübingen, Germany, and others, who also use highly sensitive sequence analysis methods (Curr. Opin. Struct. Biol. (2018) 48, 103-109) .
In efforts to apply their insights into the evolution of protein building blocks to the design of novel proteins, Höcker's group collaborated with that of David Baker at the University of Washington at Seattle, USA, who has pioneered de novo protein design (Curr. Biol. (2013) 23, R214-R217). The researchers created an entirely novel four-fold symmetric TIM-barrel structure based on the simplest building blocks discovered, and compared its characteristics to the naturally evolved ones. The new sequence is distant from natural TIM barrels, suggesting that nature has sampled only a subset of sequence space available to this fold (Nat. Chem. Biol. (2016) 12, 29-34) .
Building protein structures does not necessarily deliver the desired functions yet, as this often requires specifi c binding or catalytic sites. In a recent design study, Höcker's group studied two different strategies to engineer the binding specifi city of a protein with the PBP fold mentioned above -the lysine/arginine/ornithine-binding protein (LAOBP from Salmonella typhimurium) -to give it a preference for glutamine. Although grafting of a complete glutamine-binding site from other proteins is a possibility, the researchers found that a single amino acid mutation was suffi cient to establish the desired function (Prot. Sci. (2018) 27, 957-968).
Thus, learning to handle smaller units down to the oligopeptide and amino acid level can improve the prospects of creating proteins with desired structures and functions from the bottom up.
Pulsating patterns
Petra Schwille from the Max Planck Institute of Biochemistry at Martinsried, Germany, is also analysing and reconfi guring fundamental building blocks of living systems, but her focus is on self-organising patterns in the cytoplasm and on membranes.
Inspired by the quantitative concepts of Nobel Laureate Manfred Eigen, with whom she worked at the Max Planck Institute for Biophysical Chemistry at Göttingen, Schwille wants to perform 'bottom-up synthetic biology', asking: 'How would life function in its simplest form?' In her quest to produce simple systems that in Erwin Schrödinger's terms create order from disorder, she uses both biological and non-biological molecular systems without a need for physiological relevance.
Even before obtaining this confi rmation from sequence analysis, Höcker and colleagues had started building chimeric proteins by replacing a part of the TIMbarrel structure of HisF from the extreme thermophilic bacterium Thermotoga maritima with the fl avodoxin-like CheY protein from the same species. The design resulted in a stably folded protein.
However, a part of the polypeptide chain including the carboxy-terminal histidine tag used for technical reasons ended up forming a ninth beta strand in the barrel structure that is normally formed by eight such strands, which meant that contact surfaces in the protein core were not arranged in the optimal way of the perfectly regular natural TIMbarrel structure. Further optimisation work could eliminate this problem and produce a chimeric structure strongly resembling the natural TIM barrel.
Extending the approach to other proteins, Höcker could confi rm that, in many examples, exchangeable protein modules can be stuck together like LEGO bricks, even if they are categorised as different folds. Her team could also insert a CheY fragment into the leucine-binding protein LBP, which represents the periplasmicbinding protein (PBP) fold. Of note, all these modules used in this work are only parts of a protein domain (such as the TIM barrel), which is defi ned as an independently folding unit and can therefore be combined with any other domain without diffi culty. The newly identifi ed 'building blocks' of proteins thus occupy a level between domains and individual amino acids.
TIM-barrel
Flavodoxin-like PBP-like One system that her group has studied intensively is a diffusion-reaction network based on the oscillating protein system that ensures the central positioning of the bacterial divisome, and thus guarantees that the daughter cells will be of equal size.
This natural oscillatory system found in Escherichia coli consists of the proteins MinD and MinE, which interact with each other and with the plasma membrane to ensure that a third protein, MinC, has its activity minimum in the middle of the elongated bacterial cell. MinC inhibits the cell division factor FtsZ, such that cell division will only be allowed to occur in the middle of the cell, where MinC activity is lowest. Cytoplasmic MinD binds ATP, then dimerises and binds to the plasma membrane, where it attracts further MinD-ATP complexes and polymerises. These complexes bind and activate the cell division inhibitor protein MinC.
The accumulation of MinCD oscillates between poles due to the activity of the antagonist MinE, which is recruited to the membrane by MinD polymers and triggers the MinD ATPase activity. MinD-ATP and MinE are released into the cytoplasm, where MinD can exchange the spent fuel for fresh ATP. Thus, both proteins work against each other in that MinD accumulates on the membrane, and MinE triggers its return to the cytoplasm.
Researchers have been able to recreate these natural effects in vitro with cell-shaped cavities. Much of Schwille's work, however, transfers the MinDE oscillatory system onto planar membrane surfaces, where microscopic observation of fl uorescently labelled proteins enables the study of the geometrical nature of the waves that result from this reaction network. Speaking at the London symposium, Schwille compared one of the phenomena observed to the Mexican wave popular with crowds at large sporting events. In other experiments, the spread of the reaction across the surface can form interesting dynamic patterns such as swirling spirals (Phil. Trans. R. Soc. B (2018) 373, 20170104).
Two parameters are readily available for manipulations of this oscillatory system. It depends critically on a reasonably balanced concentration of both participants. If one of the proteins becomes too strong, it will permanently pull the system to its side, such that all molecules will remain either in the cytoplasm if MinE wins, or on the membrane if MinD wins.
Mutations altering the ability of MinE to stimulate the ATPase activity of its antagonist have also been shown to affect the balance. Mutants with a weakened MinE activity can be rescued by a corresponding increase in this protein's concentration, however.
In addition to the well-known effect of MinE stimulating the MinD ATPase activity, recent research has shown that there is also an infl uence in the opposite direction, in that the presence of MinD triggers a conformational switch in MinE, making the protein more willing to bind to the membrane as well as MinD. In recent work using both experimental manipulation and modelling, Schwille's group has shown that this part of the interaction is also essential for the pattern formation to work robustly (Proc. Natl. Acad. Sci. USA (2018) 115, 4553-4558).
Moving on from 'reverse engineering', i.e. taking the system apart or mutating some of its parts, to the ultimate goal of 'forward engineering', i.e. constructing new functionalities from the bottom up, Schwille's team has recently introduced a new regulatory element to this system, namely a light-induced switch to activate pattern formation (Angew. Chem. Int. Ed. (2018 ) 57, 2362 -2366 .
To create this new switch, the researchers used a peptide derived from the MinE sequence and modifi ed it by introducing two cysteine residues covalently connected by a photoisomerisable cross-linker. The peptide by itself adopts an -helix structure, which allows it to exert MinE-like function of interacting with MinD, activating its ATPase and thus triggering its release from the membrane. The isomerisation of the cross-linker triggered by blue light disrupts this helix and thus switches the MinE-like function off. Conversely, UV light can switch the peptide back on again. (2018) 9, 811). This work is also related to cell division, specifi cally the proteinguided contraction of the membrane circumference at the division site, where the diameter is eventually reduced to zero as one cell splits into two -in a sense the most fundamental process necessary for life to grow and spread.
Synthesising biology
The emerging fi eld of synthetic biology comprises a wide range of different and divergent approaches (Curr. Biol. (2011) 21, R611-R614). Artifi cial genes implanted into cells, artifi cial membrane vesicles and diversions to cell metabolism have all been hailed as breakthroughs in synthetic biology. Genes, membranes and metabolism are all important aspects of life, and the ability to produce and manipulate them is an important step in our understanding of biology. Equally important are the self-organisation processes of life that lead to functional structures and spatial patterns, which are now also open to biomimetic work.
However, each of these important types of building blocks on its own cannot produce life. Researchers working with protocells, like Stephen Mann's group at the University of Bristol, UK, are beginning to add functionalities like photosynthesis to these artifi cial constructs (J. Mater. Chem. (2017) I don't think I've talked much about the meaning of life since I was a teenager, but recently I did just that with some friends over dinner in Los Angeles. Naturally, as a geneticist, I could confi dently assure everyone around the table that evening that life has no meaning. Life's only purpose is to ensure the transmission of DNA from one generation to the next. What I forgot to add in the ensuing uproar ("well your life may have no meaning, but mine certainly does") was the question: whose DNA? Carl Zimmer's book on genetics reminded me that we are not always made of the stuff that we think we are and the whole issue of passing on our genetic material to the next generation is more complicated than I led my dinner guests to imagine.
In order to secure state welfare benefi ts for children, it's sometimes necessary, for obvious reasons, to prove that your children are yours. With DNA tests accepted as the gold standard, if you get a result proving that the father is indeed the father and the mother is not the mother, then either you blame the laboratory for a sample mix-up (that would always be my fi rst suspicion) or it's a case of non-maternity. So what do you say to the mother who has had this result for all three of 'her' children and has been admitted to hospital for the delivery of her fourth, in the company of a court offi cer to witness the birth (that must have been pretty weird), and whose fourth DNA result reveals that her latest child also isn't hers? Apparently, the state of Washington believed the DNA evidence over the eyewitness account of the court offi cer and wanted to prosecute the 'mother' for fraud. The state prosecution might have gone ahead were it not that DNA tests had showed the same result for another woman, in Boston, who genetically speaking also wasn't the mother of her three grown-up sons. Since DNA tests don't lie, it's no surprise that the Boston mother was accused of stealing her sons as babies. The alternative explanation, and this turned out to be true for both mothers, is that she is a chimera, made up of two ancestral cells rather than just one like the rest of us (well, like me at least -as this story shows, you can never be certain about others).
Chimerism can occur when cells from one individual invade another. Once immunological barriers are down, as happens during pregnancy, there's a sort of cellular free-for-all that allows cells from the fetus to invade the mother. Many women who have had a son keep a detectable remnant of him in a residue of fetal cells with Y chromosomes. As a side note, presumably each subsequent pregnancy leaves its imprimatur, in which case I worry about the consequences for blood-based tests of abnormal fetal karyotypes. How can we tell whether an abnormal karyotype found in the mother's blood is from the current or past pregnancy? Don't imagine that the fetal cells are just sloughed off from the embryo, lost in the parental bloodstream and condemned to die soon after: fetal cells persist for many years and penetrate into every tissue. Zimmer quotes a Dutch autopsy study of 26 women that found evidence for chimerism in multiple different tissue samples, including those taken from the brains of the autopsied women. There's also some evidence that the invading cells are functional: a mouse study claims to fi nd fetal cells undergoing a maturation program in the brain and forming connections with neurons. Goodness, does that mean my son shapes the way his mother thinks? Zimmer quotes the more positive outcome that an offspring's cells might repair tissue, forming one entire lobe of a mother's liver, for example.
We are not the only species to have problems with chimerism. Until I had read Zimmer's book, I hadn't known what a freemartin was. I guess if you had asked me, I would have said that it was a title bestowed on inhabitants of a Swiss village, or maybe something halfway between a house martin and a
